The abundance, composition, and potential sources of marine debris were investigated on remote Alphonse Island, during the austral winter 2013. A total of 4743 items, weighing 142 kg, were removed from 1 km of windward beach, facing the prevailing southeasterly trade winds. Our study demonstrates the prevalence of plastic debris as a world-wide marine contaminant. Characteristics of the debris suggest it originated primarily from land-based sources. To determine their potential geographic sources we used the Surface Current from Diagnostic model of near-surface ocean currents, forced by satellite sea level and wind data. While preliminary evidence indicated the Southeast Asia to be the main source of the flotsam, the model highlighted Somalia as another potential primary source. Our study concludes that most of the collected debris entered the sea as a result of inadequate waste management and demonstrates how anthropogenic waste can negatively impact even the most remote environments.
Introduction
Persistent waste generation increases proportionally with the dramatic growth of the world's population and industrial production. The lack of early and effective persistent waste management plans, coupled with a lack of awareness amongst people, has led to the critical environmental issue of pollution by marine debris. In the half century since the widespread utilization of plastic, oceans have become a dumping ground for human waste. In spite of international policies and conventions related to marine litter (Galgani et al., 2010 ) the legislation is widely ignored and millions of tons of waste per year are discarded at sea by ships (Derraik, 2002) or washed into the ocean from the shoreline. Jambeck et al. (2015) calculated that 275 million metric tons of plastic waste was generated in 192 coastal countries in 2010, with 4.8-12.7 million metric tons entering the ocean.
Marine debris includes any form of anthropogenic manufactured or processed materials discarded, disposed of, or abandoned in the marine environment, either deliberately or unintentionally, and may be transported to the ocean by rivers, drainage, sewage systems or by wind (Sheavly, 2007) . Marine debris is also defined as persistent solid human-made debris that has adverse impacts on the marine environment and navigation safety (NOAA, 2008) .
Plastics have low density, so they float on the sea surface and can be transported over long distances by winds and currents (Corbin and Singh, 1993; Kubota, 1994; Kubota et al., 2005) . The considerable amount of marine debris washed ashore and the discoveries of garbage patches in all three subtropical oceans (Benton, 1991; Ingraham and Ebbesmeyer, 2001; Maximenko et al., 2012; Lebreton et al., 2012; van Sebille et al., 2012) have drawn the attention of the scientific community in recent decades. Composition, abundance, and distribution of this marine debris have been studied and reported from coastal areas, the sea floor and oceanic gyres (e.g., Shiber, 1987; Moore and Allen, 2000; Moore et al., 2001; Convey et al., 2002; Barnes and Milner, 2005; Kei, 2005; Martinez-Ribes et al., 2007; Ryan et al., 2009; Law et al., 2010) . Since the 2011 Tohoku tsunami, there have been numerous reports of tsunami debris encountered in various parts of the North Pacific Ocean and recent models successfully assessed its motion (e.g., IPRC webpage http://iprc.soest.hawaii.edu/news/marine_ and_tsunami_debris/debris_news.php). But very few studies have been done at the remote islands of the Indian Ocean (Barnes, 2004; Griffin, 2008) .
The impacts of marine debris on marine wildlife have been well documented and the consequences of these impacts are alarming. ghost-netting or rope and monofilament fishing lines (Coe and Rogers, 1997; Laist, 1997; Boerger et al., 2010; Derraik, 2002; Gregory, 2009; Murray and Cowie, 2011) . Ingested plastic debris clogs the intestinal tract leading to starvation and death or ulceration of delicate tissues by jagged fragments and reduction in quality of life and reproductive performance (Gregory, 1991; Azzarello and Van Vleet, 1987; Nevins et al., 2005; Barnes et al., 2009; Boerger et al., 2010; Murray and Cowie, 2011) . Movement of fishing gear across shallow reefs can damage coral substrate thereby compromising the reef structure (Abu-Hilal and Al-Najjar, 2009). Flotsam can also be a vector of alien and potentially harmful, invasive organisms (Barnes, 2002; Barnes and Fraser, 2003) .
Marine debris not only has negative consequences for biodiversity, but also negatively impacts the economy of many coastal countries and such small island states, such as Seychelles which rely heavily on tourism and promote paradisiacal beach scenery. Effective monitoring of marine debris to assess the types, amounts, potential sources and activities that produce it, combined with public education and solid waste management plan, could be the first step leading to the reduction and eventual abatement of such pollution of the oceans (Sheavly, 2007) .
Alphonse Atoll is important as a nesting and feeding habitat for sea turtles and as a roosting ground and feeding area for thousands of seabirds. In 2007, the Island Conservation Society (ICS) set up the Conservation Center to preserve and study the island ecosystems. The ICS team organizes routine beach clean-ups year round, trying to limit the impact of the waste on the biodiversity. In Seychelles, there are two distinct seasons named after the direction of the prevailing winds: the northwest (NW) monsoon, during the austral summer, from November to April; and the southeast (SE) monsoon (or SE trade wind season), during the austral winter from May to October. On Alphonse Island, beach cleaning operations conducted during the NW monsoon remove about 40-50 kg of marine debris per month from the northern beaches, and twice that amount from the southern beaches during the windy SE monsoon.
This paper presents results of the first significant assessment of marine debris washed ashore in Seychelles. Our objectives were: (1) to examine the abundance and composition of marine debris washed ashore on the remote Alphonse Island; (2) to determine what caused the debris to be released into the ocean; (3) and to identify the potential geographic origins of the debris.
Alphonse Island, Seychelles
Alphonse Atoll (7°01 0 S; 52°44 0 E) lies at the southern end of the Amirantes Ridge, approximately 400 km southwest of Mahé, the main island of Seychelles (Fig. 1) . The Alphonse Atoll consists of 400 hectares of a reef flat with a permanently exposed sand cay, Alphonse Island, of about 174 hectares, and a coastline of 5 km. At the center of the atoll is a disc-shaped lagoon, with a maximum depth of 13 m, and connected to the ocean by a single channel on the southwest edge of the atoll. Currents on the Alphonse reef flat are dominated by semi-diurnal tides with a range of 1.8 m (Hamylton and Spencer, 2011) . Alphonse Island, located along the northwestern corner of the reef, is shaped like an isosceles triangle with a curved base of approximately 2.5 km facing the southeast and the strong seasonal trade winds. The human population on the island comprises 20-40 people, including staff and visitors to the Alphonse Island Lodge, and personnel of Islands Development Company and ICS. Numbers of inhabitants fluctuate with the touristic seasons. The lodge, which primarily caters to fly fishing, operates during the NW monsoon season (October-April) and hosts a maximum of 17 guests per a week.
Marine debris collection and classification methods

Marine debris collection
From 21 June to 2 August 2013, we conducted a short term marine debris monitoring program to acquire quantitative information about the abundance, the nature and the origin of marine debris washed ashore at Alphonse Island, during the peak intensity of the SE trade winds. To facilitate research on the island, the 5.5 km coastline is evenly divided into ten 500 m beach sections, by eleven marker posts labeled from A to K. The study of debris focused on two beach sections, ''AB'' and ''JK'', both directly in the path of the SE trade winds (Fig. 1) . On 21 June, a thorough beach clean-up was conducted to provide a clean baseline for the study. Objects collected during this initial clean-up were not included in our study. Then, during the six weeks study period, we conducted a clean-up every seven days for a total of six beach clean-ups. All anthropogenic marine debris was collected from the beach between the low tide line and the vegetation line. All items collected from the beach were classified, counted and weighed (Fig. 2) . Insofar as possible, the country of origin was determined for each object bearing a label, based on the language or the stated country of the manufacture.
Classification of the marine debris
Debris were classified according to the following categories:
'Beach sandals' primarily comprising flip-flops (also called thong or slippers), Crocs™, and the occasional trainer and other shoes. 'Plastic beverage bottles' or PET (polyethylene terephthalate) bottles. 'Glass bottles' for beverage and food. 'Light bulbs' and 'Light tubes'. 'Domestic items' including lighters, tooth brushes, toys, hangers, cotton buds, plastic food bottles, and cleaner bottles. 'Fishing items' including lures, fishing lines, buoys (included artisanal buoys made of flip-flops or plastic bottles), fishing floats, ropes, and net fragments. 'Foam sheets' including foam sheet with flip-flop shape cut out. 'Polystyrene'. 'Hard plastic' including macro pieces of hard plastic. 'Soft plastic' including pieces of plastic bags, food packaging, large pieces of PVC plastic sheeting used to package goods during transport aboard ships. 'Plastic caps' from beverage bottles, pens, oil containers, plastic vials, etc. 'Small plastic fragments' from degrading plastic <2 cm, including pieces of polystyrene, foam, and hard plastic. 'Other' including a car wheel, a fuel jerrycan and a barrel.
Marine debris windage classification
The motion of a piece of floating marine debris is the result of the combined effects of advection by oceanic currents and waves, and the force exerted by the wind (i.e., the windage) against parts of objects, sticking out of water. The currents may not flow in the same direction as the wind, therefore the dynamic of the drift will greatly depend on shape and buoyancy of the object. To characterize pathways of marine debris using numerical simulations, we classify the items found on the beach into three groups: low, medium, and high windage. To each group, respectively, 0-1%, 2-3%, or 4-5% of wind vector was added to the model debris velocity already advected by ocean currents.
Low windage items sit deep in the water and are not exposed to the direct force of the wind but rather are transported primarily by ocean currents (including wind-induced current) and thus move with the velocity of the water. Samples in this group include fishing nets, small plastic fragments, bottle caps, and some domestic items.
Medium windage items include those with a significant part of the object above the ocean surface. Currents and winds have comparable effects on such debris, which are exemplified by polystyrene, foam sheets, capped PET bottles partially filled with sea water, and empty capped glass bottles.
High windage debris floats on the surface of the water, blown strongly by wind -it tends to travel faster than other types. Such items included empty capped plastic bottles and fishing buoys.
Marine debris simulations with drift model
To help identify potential source regions of debris reaching Alphonse, the Surface Currents from Diagnostics (SCUD) model of near-surface ocean currents, forced by satellite sea level and wind data, was employed . The model uses satellite sea level (provided by a constellation of satellite altimeters and distributed by AVISO) and wind (provided by scatterometers QuikSCAT and ASCAT) data to estimate on a quasi-global 1 = 4 -degree grid near-real time near-surface currents, consistent with historical trajectories of satellite-tracked drifting buoys of the Global Drifter Program (http://www.aoml.noaa.gov/ phod/dac/index.php). Corresponding fraction of the satellite wind was added to the SCUD velocities to simulate motion of debris with particular windage.
To trace model debris arriving at Alphonse Island, back to its source, we placed a constant source of tracer around the island and integrated the model back in time, by simultaneously reversing time-axis and velocity vectors. Instead of simulating trajectories of a large number of particles, we computed evolution of J A K B tracer concentration, described with a simple diffusion-advection equation. A new Eulerian-Lagrangian numerical scheme was implemented to ensure conservation of tracer (manuscript in preparation). Concentration was interpreted in these experiments as a probability for tracer to originate from corresponding grid bins. Once the tracer, in its reverse motion, was reaching model's coastline, this coastline was interpreted as a source of the corresponding amount of debris, which was then removed from further model steps.
The model was run for the period 14 July 2014 back to 14 August 1999, during which time sources were integrated for windage, ranging between 0% and 5%, at each model coastline grid point. Conclusions about shores, identified with large integral values as potential main source areas, were verified using additional forward simulations of continuous local tracer releases.
Results
Marine debris abundance and density
The total amount of 142 kg, comprising 4743 items, was collected from the southern beach sections ''AB'' and ''JK'' of Alphonse. This corresponds to a density of 142 kg per a linear kilometer or 4.7 items per a meter of coastline. The marine debris were systematically concentrated on the upper part of the beach, at the high water mark. The density and abundance of items collected was systematically greater on the beach section ''AB'' with the total of 88 kg for 3026 items compared to beach section ''JK'' with 54 kg for 1717 items.
In terms of mass, 'Beach sandals' made the largest contribution with the total weight of 33 kg, followed by 'Glass bottles' which contributed 30 kg, and 'Other' comprising three heavy large items that together equalled 21 kg. In decreasing order, the intermediate categories are 'Plastic beverage bottles' (13 kg), 'Hard plastic' (12 kg), 'Fishing items' (9.5 kg), 'Foam sheets' (8 kg), and 'Domestic items' (7 kg). The smallest categories, including 'Plastic caps', 'Polystyrene', 'Soft plastic', 'Small Plastic fragments', 'Light bulbs', and 'Light tubes', at the bottom of the illustration (Fig. 3) , together contributed 9 kg.
The relative importance of each of the categories is different when rated in terms of abundance (Fig. 4) . 'Small plastic fragments' has the highest frequency of occurrence, accounting for 26% of the collected items. The fragments are small and highly dispersed making them difficult to find and identify; and in fact, some fragments may have remained on the beach after each clean-up. Other relatively abundant items included 'Hard plastic' (18%), 'Plastic caps' (13%) and 'Foam sheets' (11%). Items within the 'Beach sandals', 'Polystyrene', 'Domestic items', 'Plastic beverage bottles', 'Glass bottles', and 'Fishing items' categories were common. 'Soft plastic', 'Light bulbs', and 'Light tubes' represented less than 2%, but were systematically found during the beach clean-ups conducted on a weekly basis.
Marine debris composition
The survey revealed that 96% of the marine debris collected was made of plastic. Except for the categories of 'Glass bottles', 'Light bulbs', 'Light tubes', and 'Other', all categories comprised plastic materials of various types: polyethylene terephthalate PET (common for beverage bottles and food packaging), polyethylene HDPE (used in detergents, bleach, and motor oil containers), polyvinyl chloride PVC (toys, furnishing), polypropylene PP (fishing ropes), polyurethane (beach sandals), and polystyrene PS. Our study provides further evidence of the ubiquity of plastic fragments as a world-wide marine contaminant (Gregory and Ryan, 1997; Barnes et al., 2009; Ryan et al., 2009; Browne et al., 2011) .
'Domestic items' accounted for 6% of collected items and were the most diverse category with 16 different kinds of artifacts (Fig. 5 ). Lighters and tooth brushes were most frequently collected, followed in the census by beauty lotion packaging and toys. Hangers, cotton bud sticks, lolly pop sticks, pens, combs, syringes, and other household products bottles were also regularly removed from the beach.
'Fishing items' represented only 2% of the abundance of total marine debris. It comprised a variety of 109 objects including rope and net fragments and plastic buoys, many of which were from trawl and long-line fisheries as well as fragments of net from FADs (Fish Aggregating Devices) used by tuna vessels. Also ubiquitous were polystyrene fragments, plastic bottles and pieces of flip-flops used as surface floats that we attributed to artisanal fisheries.
Origin of the labeled marine debris
Based on the labeling we encountered or on Internet investigation, we could identify the country of origin from the text and language of manufacturer marks on 40% of the collected plastic beverage bottles, 81% of the glass bottles, 22% of the plastic caps. Only 3% of the fishing items were tagged to indicate the country of origin.
The most frequently collected plastic water bottles were labeled Nongfu Spring (18 bottles and 2 caps) manufactured in China, followed by Danone Aqua (10 bottles and 94 caps) from Indonesia. Also abundant (5 bottles and 9 caps) were those labeled Mizone, a sport drink manufactured and broadly consumed in Indonesia (where the bottle is blue). Although this brand is also consumed in clear bottles in Australia (Taylor pers. comm.) we only encountered the blue version in our study. Other brands of plastic beverage bottles included: Minute Maid (4 bottles and 9 caps), C'est Bon, Wa haha and Bonaqua (each encountered only once) were presumably manufactured from China. Bottles and caps of Coca Cola, Sprite, Orangina, Pepsi, Fanta, were easily recognizable but the country of manufacture was not discernible.
Glass bottles were predominately for beverage drinks with 74% being energy drinks. The label Krating daeng, manufactured in Thailand and Indonesia, was the most frequently encountered (N = 71), followed by Djojonegro C100 (N = 9) manufactured in Indonesia, Osotspa (N = 4) manufactured in Thailand, Red bull Supreme (N = 2) manufactured in Philippines, Zoda manufactured in Thailand (N = 1), and Paolyta (N = 1), and Courage (N = 1) both were manufactured in USA. Overall, 94% of the energy drink bottles washed ashore were manufactured in Asia.
Identifiable fishing buoys and floats included those manufactured in Taiwan (Republic of China) (N = 3) and Norway (N = 1).
Overall, more than 75% of labeled items originated in Southeast Asia (mainly Indonesia and Thailand), 13% from East Asia (mainly China), 4% from Indian Ocean Islands (Seychelles, Maldives, and Mauritius), and 7% from other countries (Spain, Brazil, Chile, South Africa, AEU, UK, USA, and Norway).
State of decay
The state of decay is an indicator of the age of marine litter. An intact, clean looking new item is likely to have been recently released into the ocean, while a brittle or decomposed item has probably been floating for a long period of time. In our study, plastic objects were found in various stages of decay: from almost pristine (mainly plastic water bottles) with easily discernible printing and little sign of photodegradation, to brittle (typically tooth brushes, lighters, toys, and combs). Many disintegrating artifacts were found as fragments (pellets, hard plastic, polystyrene and pieces of foam). Most of the capped beverage glass and plastic bottles were empty, while some gained sea water inside which may indicate longer period of time at sea. Other signs of long retention time included the presence of fish bites frequently observed on smaller plastic containers, foam sheets and beach sandals, along with the development of algae and barnacles on these as well as on some plastic bottles.
Model simulations
Potential source regions for debris washed up on Alphonse Island
Experiments with reverse tracer evolution, described in Section 4 and ranging in windage between 0% and 5% were analyzed to produce maps of potential source regions that may be supplying debris that arrives at Alphonse Island. The maps are shown in Fig. 6 . It is important to emphasize that computer maps only identify the regions from which any debris released near the shoreline, would have a good chance to drift to our study beaches. Importantly, our model cannot tell whether actual release takes place -this fact can be only verified with direct observations. The size of the red circles in Fig. 6 is proportional to the probability for the debris (if) released from the circle's center to reach Alphonse. The model highlighted Somalia as the major potential source of marine debris of all windages. Seychelles, and India/Sri Lanka region were identified as potential sources of low windage debris rather than medium and high windage items. The Sumatra/Java region was also identified as a potential source of low and 2% windage debris, but not of high windage debris. (Note that, because the SCUD model is too coarse to resolve the Indonesian straights, while model tracer sources are identified along the Indonesian coastline, their actual origin may be farther upstream, in the South China Sea). Currents and winds would facilitate transport from West Australia of debris of 1-4% windage; however, low population density along that coast should keep the actual impact very low. Similarly, the model also predicted that very buoyant items could travel from as far away as South Africa; however, the travel would take long time, during which degradation would likely reduce the windage value and would divert South African debris to a path that would not lead to Alphonse.
To better understand debris motion from India and Indonesia (two of the major source areas for 0%, 1% and 2% windage debris identified by reverse modeling), we also carried out forward simulations of motion of tracer continuously released (between August 1999 and July 2014) with 0%, 1% and 2% windage from the coasts of India/Sri Lanka region (Fig. 7) and Sumatra/Java region (Fig. 8) . The pathways of tracers with 0% windage released from India/Sri Lanka, are transported into the Bengal Bay, Somalia or Indonesian coasts but have a low probability to reach Alphonse. Likewise, the tracers of same windage released from Indonesia, which could be transported by the South Equatorial Current (SEC) to the eastern and southern coast of Madagascar, traveling south to Alphonse, have a low probability of reaching the island. However, and regardless of the season, tracers with 1% and 2% windage released from those both regions, have high probability of being washed onto the island. During the SE monsoon, the debris released from India/Sri Lanka can be transported by the Winter Monsoon Current (south of the Bay of Bengal), joining the debris released form the Indonesian coast into the Indonesian current, before being transported by the SEC and to end on Alphonse, with the assistance of the southeast trade winds.
Timeline of debris arrival from India and Asia
We simulated the timeline of debris arrival for drifters of 1% and 2% windage released from India and Asia. For both regions, the simulation predicted major arrivals during the peak of the NW Fig. 6 . Potential source regions of debris reaching Alphonse Island, computed using reverse tracer simulation with the SCUD drift model. Panels show maps for 0%, 1%, 2%, 3%, 4%, and 5% windage, respectively. Circle radius is proportional to the statistical likelihood of debris to reach Alphonse, if released from near-shore location, co-located with the circle's center. monsoon (January-February) rather than during the SE monsoon, with 1% windage items predicted to arrive in 2 or 3 years while 2% windage would reach Alphonse in 3 or 4 years.
Discussion
Density of marine debris
The density of items stranded on the shores of the remote Alphonse Island is estimated as 4.7 items per a linear meter of the beach. This density is much higher than that found in comparable studies in remote area of the South Australia by Taffs and Cullen (2005) with 0.14-0.20 items m À1 . At the same time, it is much lower than those found by Madzena and Lasiak (1997) in Transkei Coast in the South Africa with 20-70 items m À1 or maximum values of 29,100 items per a squared kilometer found around Indonesia by Willoughby et al. (1997) . Density of marine debris at Alphonse is comparable to that described at the unpopulated Cassino beach, Brazil, with 4.9 items m À1 (Santos et al., 2005 (Santos et al., , 2008 . 
Possible sources of marine debris found on Alphonse Island
'Sourcing is the key to prevention of littering' (Earll et al., 2000) . Marine debris sources are generally classified as being either land-based or ocean-based depending on how the debris enters the water. Because it is difficult to ascertain the exact source of marine debris at Alphonse, our investigation does not presume to document the precise percentages of Source Indicator Items but rather aims to identify the most probable land-based sources, classified in Table 1 .
Ocean-based Sources Indicator Items (19%)
We estimate the input of debris originating from ships to be 19%, including items from fishing activities, artifacts attributable to cruise ships and private yachts (especially, electrical light bulbs/tubes, fresh plastic beverage bottles and glass bottles) and commercial cargo ships (large pieces of PVC plastic sheeting, barrel, and polystyrene items). Also, most of our labeled items (plastic beverage bottles, glass bottles, and beverage caps) originated from Southeast Asia (Section 5.3), the readable markings indicating their relatively young age. This suggests the following three hypotheses: (i) The source is on land close to Alphonse Island, with Mahé hosting the only sizable town in the vicinity of Alphonse; (ii) the items have traveled during a short window of time from Asia to Alphonse; or (iii) the items originated from at-sea activities close to Alphonse.
We reject the first hypothesis that suggests fresh looking items could come from Mahé, situated 400 km to the north east, because the current and wind directions during the SE trade winds season would preclude such transport. Moreover, we determined that no energy drinks, bottled water, or alcohol from Asian countries were being sold in local supermarkets on Mahé.
The second hypothesis for rapid transport between Asia and Alphonse was checked by modeling drifter pathways released from Indonesia (Section 5.5.1). Results indicate that high windage items, such as empty capped PET bottles, would not drift to Alphonse. In contrast, glass bottles and other medium windage items could drift to Alphonse in 3 or 4 years (Section 5.5.2), but during that time they would almost certainly have gained water and sunk or gotten significantly weathered (as discussed in Section 6.3). Likewise, although plastic caps, classified as low windage, could drift from Asia after more than a year, sea water and sun exposure would likely have degraded the caps during that period, making it difficult to read their labels.
It follows that the third hypothesis is the most plausible -i.e., that most of the labeled items from Asia have been thrown overboard during shipping activities in the vicinity of Alphonse. Energy drinks (94% manufactured from Asia) are likely to be consumed by Asian fishermen; while bottled water is probably associated with cruise ships, charter yachts and private yachts.
The percentage of shipping debris varies with the proximity of the deposition site to the shipping and fishing lanes (Smith et al., 2012) . The Indian Ocean has become a busy throughway playing an important role in East-West exchanges of merchandise. Lost cargo containers are not uncommon and are the source of a wide variety of debris into the Indian Ocean. Likewise, commercial fishing activity is a major industry for Indian Ocean coastal countries. The small numbers of fishing gear items collected during the survey (only 2% of all items) did not seem to be associated with the fishery activities of Alphonse. It is noteworthy that the Fish Aggregating Devices (FADs) used by the tuna vessels rarely wash ashore on Alphonse itself; but are frequently found entangled on the outer reef of the atoll where they cause reef damage. FADs are documented causes of mortality at Alphonse to turtles, fishes, and seabirds which become entangled in the nets (Duhec et al., 2013) .
Land-based Sources Indicator Items (38%)
We estimate the input from land comprises 38% of the total debris collected and includes items, originating from sewer overflow, shoreline recreational activities, industries, and open landfills. These include beach sandals, foam sheets, domestic items, degraded plastic caps, and plastic beverage bottles (typically, well weathered and filled with sea water).
We reported a considerable amount of flip-flops and foam sheets used in flip-flop production, were washed onto the Alphonse beaches. The popular use of flip-flops as a simple warm climate beach or outdoor wear has spread through much of the world. They are the most common form of footwear in many developing countries. Along the Indian Ocean perimeter, they are particularly common in East Africa, Australia, tropical islands and, especially, SE Asia, where approximately 70% of the SE Asia's human population is living in coastal areas, with China being a number one manufacturer of flip-flops in the world. We suspect that most of flip-flop foam sheets originated from illegal dumping by manufacturers, and that beach sandals likely originate from public littering exacerbated by deficient waste disposal systems or from landfills damaged by flooding or other natural events. In 2010, China, Indonesia and Philippine were the top three countries having the largest mass of mismanaged plastic waste, due to fast economic growth, large coastal population and lack of management infrastructure these countries littered tons of waste per day (Jambeck et al., 2015) .
General Sources Indicator Items (43%)
It was impossible to associate the 'Small plastic fragments' and 'Hard plastic' categories to any particular source. Those disintegrated items have lost their original form, presumably, during a long period of time spent at sea.
Likely source regions for land-based debris
Based on the SCUD drift model results (Fig. 6 ) and discussions, we summarize in Table 2 the likely source regions for land-based debris to arrive at Alphonse Island.
Experiments with the SCUD model support the possibility that domestic items of low windage and plastic caps come from India/Sri Lanka, Sumatra/Java regions, and also Seychelles islands. Our simulation predicts that such debris released from India and Indonesia is more likely to reach Alphonse during the NW monsoon when it primarily would be washed onto the northern shore of Alphonse.
While we found a large amount of labeled PET bottles manufactured in the SE Asia, we originally hypothesized that items from this region might travel quickly to Alphonse; but the model did not support this, and instead indicated similar transit times to Alphonse from both Indonesia and India -i.e., both having a major peak around 2-4 years. The model shows that such high windage objects, primarily guided by wind, may not travel directly from there to Alphonse, but rather are predicted to drift as far as to the Western Australia and South Africa. Direct travel to Alphonse would be possible for the PET bottles that gained sea water and became a low windage debris. However, such travel would require long time and surviving bottles would arrive in very weathered conditions. This consideration has lead us (see Section 6.2.1) to the conclusion that most of PET bottles (water, sport drink, and soft drink bottles) found in good condition may originate from shipping activity and cruise ships near the Seychelles.
Remarkably, two bottles with messages inside were found during this project. In January 2012 at St François Island, the island While we did not collect items manufactured from East Africa, the SCUD model highlighted and Somalia (and other parts of eastern Africa) as the major potential source but of all kinds of land-based debris. But, due to the long travel to Alphonse, we hypothesized that no PET bottles would arrived empty but rather filled with sea water. Lack of identifiable Somalian debris in our surveys may be due to the fact that production of goods is relatively low in this country.
Northern Madagascar is also identified as a potential source of debris of a variety of windages but its potential impact is much less than that of Somalia. Objects entering the ocean from North Madagascar would initially move westward and subsequently into the East Africa Coastal Current where they would likely remain before entering other currents during a favorable season (Shankar et al., 2002) .
The model highlighted West Australia as source of debris of medium windage objects, e.g., beach sandals or capped glass bottles, but the low density population on its coast is likely to limit the enter of debris in the marine environment. South Africa was highlighted as a source of very buoyant items but we hypothesized that during the long travel the items would degrade and thus reduce the windage value, modifying its trajectories away from Alphonse.
The value of the computer maps used in this study is limited in that they only indicate potential pathways of debris but cannot predict whether debris is actually released from a location and in what amounts. Neither does the model take into account the human population density that greatly influences the amount of debris produced.
Conclusion
The results of our study substantiate the concern that remote sites such as Alphonse Island in the western Indian Ocean can be negatively impacted by marine debris originating from anthropogenic sources thousands of kilometers away. Our study is motivated by the high vulnerability to plastic marine pollution of this atoll and the biodiversity it supports. Our analysis of the sources of debris reveals the complexity of gaining an understanding of where the debris actually originates. The ultimate source of pollution was determined to be land based, but given the lack of local littering, the stranded artifacts had drifted at Alphonse from remote regions. The SCUD model proved to be helpful in tracking the pathways of different types of debris according to windage parameters. It showed how debris from different regions of the Indian Ocean can reach the Seychelles and helped to interpret the likely origin of the samples collected on Alphonse. Although labeling indicated that much of the debris found at Alphonse ultimately originated in South East Asia, the model also revealed potentially dangerous impacts from Somalia and other parts of eastern Africa, India/Sri Lanka region, and also potentially Madagascar. An absence of the footprint of these source regions from beaches on Alphonse may be explained by the biodegradability of their debris. Our study indicates that development of effective waste management plans, education of the human population throughout the region, and the reduction of waste generation are essential to minimize pollution both at home and abroad. To prevent the contamination of remote environments, it is imperative that international agreements, such as the Annex V of the MARPOL Convention (banning or prohibiting the dumping of plastics at sea since 1988), are fully implemented and obeyed by all parties and stakeholders. Likewise, efforts are needed worldwide to control pollution derived from plastic products and other pollutants released into the environment. Waste disposal and landfills need to be better managed, and refuse needs to be recycled and reduced in order to minimize the amount of debris generated by humankind. Table 2 Summary of the likelihood region of release for land-based debris of windage 0-5%, based on discussion and SCUD model results. The probability ranges from high (++++) to extremely low (À). 
